Possible interaction between baryons and dark-matter particles revealed
  by the first stars by Barkana, Rennan
ar
X
iv
:1
80
3.
06
69
8v
1 
 [a
str
o-
ph
.C
O]
  1
8 M
ar 
20
18 Cosmic dawn as a dark matter detector
Rennan Barkana,1
1Raymond and Beverly Sackler School of Physics and Astronomy,
Tel Aviv University, Tel Aviv 69978, Israel
March 20, 2018
Models and simulations predict that the cosmic radio spectrum should show a strong
absorption signal corresponding to the 21-cm transition of atomic hydrogen around red-
shift 20, due to Lyman-α radiation from some of the earliest stars1,2,3. An international
effort is underway to detect cosmic dawn by observing this 21-cm signal, either its sky-
averaged spectrum4 or maps of 21-cm fluctuations using radio interferometers5,6. Here
we show that a detection of this signal can potentially yield not only a discovery of the
first stars, but also a direct detection of dark matter if it scatters with baryons. A stronger
absorption signal than expected, as strongly indicated by the first observational detection
of the global 21-cm spectrum4, implies excess cooling of the cosmic gas, which can only
be plausibly induced by an interaction with dark matter. The observed signal implies that
the mass of the dark matter particle is below a few GeV (there is no lower limit), and that
it scatters off baryons with a cross-section σ of at least 10−21 cm2 at a relative velocity v
of 1 km/s (corresponding to 10−43 cm2 at the speed of light, for a σ(v) ∝ v−4 model). The
measured signal also directly confirms that the dark matter is highly non-relativistic and
rather cold; primordial velocities in the range corresponding to warm dark matter models
are potentially detectable. These results transform 21-cm cosmology into a unique dark
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matter probe, strengthened by the prediction that the root-mean-square 21-cm fluctuation
at cosmic dawn is likely to be an order of magnitude larger than previously expected.
An excess 21-cm absorption signal is a clear sign of baryon - dark matter (b-DM) scatter-
ing, since alternative explanations are untenable. In general, the intensity of the 21-cm signal
is expressed as the observed mean brightness temperature relative to the cosmic microwave
background (CMB), and is given by1
T21 = 26.8 xHI
ρg
ρ¯g
(
Ωbh
0.0327
)(
Ωm
0.307
)−1/2 (1 + z
10
)1/2 (TS − TCMB
TS
)
mK , (1)
where xH I is the mean mass fraction of hydrogen that is neutral (i.e., not ionized), ρg is the
gas density and ρ¯g its cosmic mean value, Ωm and Ωb are the cosmic mean densities of matter
and of baryons, respectively, in units of the critical density, h is the Hubble parameter in units
of 100 km s−1Mpc−1, z is the redshift [corresponding to an observed wavelength of 21×(1 +
z) cm and an observed frequency of 1420/(1 + z) MHz], TCMB = 2.725 × (1 + z) is the
CMB temperature at z, and TS is the spin temperature of hydrogen at z. The latter quantity
is an effective temperature that describes the relative abundances of the ground and excited
states of the hyperfine splitting (spin-flip transition) of the hydrogen atom; in the absence of
astrophysical radiation, this temperature is set by collisions of the hydrogen atoms with other
atoms and scattering of CMB photons7, and therefore Tgas ≤ TS ≤ TCMB, where Tgas is the
(kinetic) gas temperature.
Observations of the 21-cm line can be used to probe density fluctuations8, cosmic reioniza-
tion9, and X-ray heating1,10,11, but the earliest observable milestone during cosmic dawn is an
absorption signal1,2,3, expected once stellar Lyman-α photons indirectly couple TS to Tgas via
the Wouthuysen-Field effect12,13. The first detection of a cosmic 21-cm signal is the EDGES
detection of the global spectrum from cosmic dawn4, which found a brightness temperature
T21 = −500±200 mK corresponding to peak absorption at frequency ν ∼ 78MHz (z = 17.2).
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If confirmed, this signal (which is well below −209 mK, the strongest possible absorption at
this frequency under standard expectations) cannot be explained within the standard paradigm,
even if one allows for exotic astrophysics (see Supplementary Information section S1). Basic
thermodynamics suggests that it is easy to heat the cosmic gas but difficult to cool it. The ex-
tra cooling indicated by the data is only possible through the interaction of the baryons with
something that is even colder.
The only known cosmic constituent that can be colder than the early cosmic gas is the dark
matter. The reason for this is that DM is assumed to interact with itself and with baryons
only gravitationally, and thus it is expected to thermally decouple in the very early Universe
and cool down thereafter (particularly fast if it is non-relativistic early on, as in the case of
cold dark matter). Any significant electrodynamic or nuclear interactions of the DM would be
inconsistent with the great observational successes of standard cosmology, including Big-Bang
nucleosynthesis, CMB observations, and the formation and distribution of galaxies. However,
weak non-gravitational interactions are possible. There is a wide array of possibilities for how
the strength of such an interaction might vary with temperature, or more specifically with the
relative velocity between the baryon and the DM particle that it scatters with. A crucial point is
that cosmic dawn presents unique physical conditions that can probe a range of parameters that
are encountered no-where else. In particular, at this time the cosmic gas is at its coldest, as it
is hotter before (due to its remnant thermal energy from the Big Bang), and hotter afterwards
(due to X-rays and other heating radiation from astrophysical objects). Thus, if b-DM scattering
happens to be strongest at low relative velocities, its effect might show up only at cosmic dawn.
The cross-section for b-DM collisions is normally expressed at a relative velocity equal to
the speed of light (we denote this σc), but we express it at 1 km/s (σ1), which is close to the
typical velocities during cosmic dawn (though in some models they reach below 0.1 km/s). We
adopt a v−4 dependence that has often been used to illustrate the case of a strongly increasing
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cross-section at low velocities, i.e.,
σ(v) = σc
(
v
c
)−4
= σ1
(
v
1 km/s
)−4
. (2)
Such a velocity dependence would arise naturally in the case of DM millicharge, i.e., if the DM
has a small electric charge and the interaction is via Rutherford/Coulomb scattering14,15,16.
We calculate the thermal evolution by following the exchange of energy and momentum be-
tween the baryons and the DM17,18,19. A major role is played by the relative velocity of baryons
and DM left over after cosmic recombination19. This long-recognized velocity remnant20 arises
from the fact that the DM motion is determined by gravity while the baryons had been scatter-
ing rapidly off the CMB photons and moving along with them in their acoustic oscillations.
This relative velocity (also termed the streaming velocity) has received attention recently due to
its effect on early galaxy formation21, which may produce an observable 21-cm signature22,23;
however, the b-DM scattering that we consider here depends directly on the velocities, and their
effect on galaxies does not play a role.
The b-DM relative velocity varies spatially (Fig. 1), with a large-scale pattern of coherent
regions21 of size ∼ 100Mpc. Since the root-mean-square (r.m.s.) velocity is supersonic (going
from a Mach number of∼ 5 right after recombination to∼ 2 when the gas thermally decouples
from the CMB), and the scattering cross-section (eq. 2) varies strongly with the relative velocity,
the evolution in each region depends on the local value of the initial velocity19. A higher relative
velocity usually implies less cooling, as the result of the interplay of two factors: the scattering
is weaker (at least until the relative velocity is dissipated away by the b-DM scattering), and the
kinetic energy of the relative velocity is partially transferred into heating of the baryons. The
dependence on velocity yields order unity 21-cm fluctuations (Fig. 1), which we average over
(using the Maxwellian distribution of the magnitude of the relative velocity21) in order to find
the global 21-cm signal.
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Figure 1: Image of the 21-cm brightness temperature in a model with baryon - dark matter
scattering. The 21-cm brightness temperature (in units of mK) is shown (Right panel) in a two-
dimensional slice (thickness = 3 Mpc) of a simulated volume of the universe 384 Mpc (all
lengths comoving) on a side. We consider z = 17 (ν = 78.9 MHz) at which this model (with
σ1 = 8× 10
−20 cm2 and DM particle massmχ = 0.3 GeV) reaches its maximum global 21-cm
absorption depth of -504 mK (roughly matching the most likely observed value4). The spatial
21-cm pattern is determined by the relative b-DM velocity left over from early cosmic evolution
prior to recombination; its distribution (in a randomly-generated example, assuming adiabatic
initial density fluctuations) is also shown (Left panel), in units of its r.m.s. value of 29 km/s at
1 + z = 1010. We note that we simply treat the baryons as equal-mass particles of mass 1.22
times the proton mass (which is the mean molecular mass of neutral primordial gas). Thus, eq. 2
represents the scattering cross-section of DM with an average baryon. In reality, the treatment
of helium is likely to be complicated and highly model-dependent17. We start our calculation
at kinematic decoupling (1 + z = 1010) as in previous calculations19; we have checked that
starting earlier would not significantly impact our results at lower redshifts. In addition to
b-DM scattering, we include at each redshift spatially-uniform backgrounds of astrophysical
radiation of the three types important in 21-cm cosmology (Lyman-α photons, X-rays, and
ionizing photons). We use the volume-averaged values from a semi-numerical simulation11,30
with astrophysical parameters chosen to illustrate an absorption dip at a redshift consistent
with the observed signal; the relevant parameters are that star-formation occurs only in halos
that allow atomic cooling and with an efficiency f∗ = 1.58%, and X-rays normalized based
on low-redshift observations are emitted with a soft power-law spectrum. The astrophysical
radiation fields are actually expected to vary spatially, leading to 21-cm fluctuations during
cosmic dawn due to Lyman-α fluctuations31 and X-ray heating fluctuations32; these fluctuations
are significant and potentially observable, but we neglect them here due to the much larger
fluctuations resulting from b-DM scattering. We assume the known values of the cosmological
parameters33.
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Such a calculation has been done previously19 only during the dark ages, before the for-
mation of any astrophysical sources. In that regime, b-DM scattering can yield significant
absorption (see the ν < 33 MHz portion of Fig. 2; only absorption as low as -70 mK has been
previously considered), but this is unlikely to be observed in the near future since such low-
frequency observations would be very difficult both due to ionospheric distortions and since the
galactic synchrotron foreground2 at ν = 20 MHz is ∼ 40 times stronger than at ν = 80 MHz.
A purely cosmological signal would disappear after the dark ages (at ν ∼ 50 MHz), since the
expansion of the universe and the cooling of the gas make coupling of the 21-cm line to Tgas
(through atomic collisions) less effective than the coupling to the CMB. This drives TS → TCMB
and eliminates the 21-cm signal.
Lyα coupling during cosmic dawn1 should reveal the presence of the cold gas via a strong
21-cm absorption dip. Only a combination of both b-DM scattering and the formation of the first
stars during cosmic dawn can explain the strong absorption feature measured by the EDGES
experiment (Fig. 2). The existence and shape of the absorption dip implies early astrophysically-
generated Lyman-α and X-ray radiation backgrounds, consistent with the absence of a strong
absorption signal at higher frequencies (see Supplementary Information section S2), while the
unexpectedly large depth of the absorption indicates cosmic gas that had been substantially
cooled by b-DM scattering.
The observed 21-cm signal can be explained with a wide range of DM properties, in terms of
the particle masse and b-DM scattering cross-section (Fig. 3; also see Supplementary Informa-
tion section S3). The DM particle mass must be lighter than a few GeV, which is much lighter
than expected for a weakly-interacting massive particle (WIMP), but there is no lower limit on
the mass, even down to mχ ∼ 10
−31 GeV as in ultra-light fuzzy DM24. A minimum scattering
cross-section is required (nearly independent of the particle mass) of σ1 > 10
−21 cm2, which
for the v−4 model (eq. 2) corresponds to σc > 10
−43 cm2. There is no maximum cross-section,
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Figure 2: Global 21-cm signal in models with b-DM scattering. The globally-averaged 21-
cm brightness temperature (in units of mK) is shown at an observed frequency ν (in MHz),
with the corresponding value of one plus the redshift shown at the top. We chart some of the
space of possible 21-cm signals with three illustrative models (solid curves): Cross-section
σ1 = 8 × 10
−20 cm2 and DM particle mass mχ = 0.3 GeV (red; roughly matching the most
likely observed value4 of the peak absorption), σ1 = 3 × 10
−19 cm2 and mχ = 2 GeV (green),
and σ1 = 1×10
−18 cm2 andmχ = 0.01GeV (blue). These models assume various astrophysical
parameters; the corresponding 21-cm signals in the absence of b-DM scattering are shown as
short-dashed curves, red (same model as assumed in Fig. 1), green (same model except that
the efficiency of production of Lyα photons is 10 times higher), and blue (same except that
f∗ = 0.5%, star formation occurs in halos that allow molecular cooling, the X-ray efficiency
is 4 times higher, and the X-ray spectrum extends down to 0.1 keV instead of our standard
0.2 keV). Also shown for comparison (long-dashed brown) is the standard dark ages prediction
with no b-DM scattering (at ν < 33MHz; matches all the short-dashed curves in this range) and
(at ν > 33MHz) the lowest global 21-cm signal at each redshift that is possible with no b-DM
scattering (regardless of the astrophysical parameters). We note that in most of the model space,
the cosmic dawn absorption dip is well fitted by a simple Gaussian (though not for the fairly
exotic blue solid curve). The current measurement4 suggests a somewhat different flattened-
Gaussian shape, although the significance of this difference is unclear given the systematic
noise.
7
so that in terms of particle mass and cross-section, cosmic dawn is sensitive to an enormous
range of DM parameter space, most of which is unavailable to other current or future probes
(see Supplementary Information section S4).
While we have assumed that σ(v) ∝ v−4, the velocity dependence of the cross-section
can be explored with future 21-cm data. Further global 21-cm measurements may help, but are
unlikely to resolve the degeneracies among the DM parameters (cross-section amplitude, veloc-
ity dependence, particle mass) and the astrophysical parameters (the X-ray spectrum, and the
normalization and redshift evolution of the various radiation backgrounds as determined by pa-
rameters related to galaxy formation). Detailed measurements of 21-cm fluctuations, including
the 21-cm power spectrum, would provide far more information. For example, the level of the
fluctuations caused by the spatially varying relative b-DM velocity (Fig. 1) directly depends on
how rapidly the scattering cross-section varies with velocity. More futuristic would be a com-
parison with a measurement of the signal during the dark ages (Fig 2), which would involve
somewhat different velocities and would provide constraints independent of astrophysics; how-
ever, even the proposed DARE satellite25 only goes down to ν = 40 MHz, while the predicted
signal from the dark ages is at 10− 30MHz.
The observed signal also places the first direct limit on early-universe scenarios in which
the dark matter is not completely cold, i.e., has a relic thermal velocity. The dark matter must
be colder than the baryons in order to cool them, so if we demand that it be colder than T 20χ at
z = 20, its r.m.s. velocity at 1+ z = 1010 must be v1010rms < 20 km/s
√
T 20χ /[10 K]
√
1 GeV/mχ.
In addition, in order for the DM to significantly cool the gas at cosmic dawn without heavily
disrupting the CMB, it must reach a thermal velocity as low as a few km/s at z = 20, which
puts an upper limit (independent of mχ) of ∼ 150 km/s on v
1010
rms . Current limits on warm dark
matter26 allow models with mχ ∼ 3 keV which have a corresponding v
1010
rms ∼ 10 km/s. Such
thermal motion evades these upper limits but is comparable to the b-DM relative velocity which
8
Figure 3: Constraints on dark matter properties using cosmic dawn. We show the minimum
possible 21-cm brightness temperature T21 (shown as log10 of its absolute value) at z = 17
(ν = 78.9 MHz), regardless of astrophysics (i.e., assuming saturated Lyman-α coupling and
no X-ray heating), as a function of the DM particle mass mχ and the b-DM cross-section σ1
(eq. 2). Also shown (solid black curves) are contours corresponding to T21 being more negative
than the strongest possible absorption depth without b-DM scattering, by 10%, 50%, or 100%
(from right to left). The hatched region is excluded assuming only that the data4 has established
absorption by at least 10%more than the minimum no-interaction value (at z = 17 the minimum
no-interaction value equals -210 mK, or 2.32 on the plotted scale); this implies σ1 > 1.5 ×
10−21 cm2 and mχ < 23 GeV (though any mχ above a few GeV requires high σ1, a parameter
combination that is likely in conflict with other constraints; see Supplementary Information
section S4). If the data firmly establishes absorption by at least 50%more than the no-interaction
value, this implies σ1 > 3.6 × 10
−21 cm2 and mχ < 3.5 GeV. We also illustrate the redshift
dependence of these limits via the corresponding 10% contours at z = 14 (dashed) and z = 20
(dotted). This plot focuses on the global 21-cm signal, but note that the corresponding 21-cm
fluctuations are also in most cases much larger than expected in the absence of b-DM scattering.
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dominates the 21-cm pattern (Fig. 1), and should thus produce significant observable effects.
Astronomical testing and possible confirmation of the observed signal4 and of its inter-
pretation in terms of b-DM scattering is likely to proceed in two tracks. Other global 21-cm
experiments such as SARAS27 and LEDA28 should try to confirm the measured global sig-
nal. Meanwhile, upcoming 21-cm fluctuation experiments aimed at cosmic dawn will provide a
definitive test, since the expected 21-cm intensity pattern should clearly display a transformed
version of the spatial pattern expected for the relative b-DM velocity (Fig. 1). Experiments such
as HERA5 and the Square Kilometer Array (SKA)6 should easily be able to measure the corre-
sponding 21-cm power spectrum, since the r.m.s. fluctuation in an illustrative model with b-DM
scattering (Fig. 1) is 140 mK, compared to a previously expected value of at most∼ 20mK. The
large spatial scale of the fluctuation pattern (of order 100 comoving Mpc, which corresponds
to half a degree) will also make it easier to observe, as it means that high angular resolution
is not needed. As in the case of the galaxy-driven effect of the b-DM relative velocity21,22,23,
the power spectrum should show a strong baryon acoustic oscillation (BAO) signature, as the
velocity arises in part from the participation of the baryons in the sound waves of the primordial
baryon-photon fluid; indeed, the BAO oscillations versus wavenumber should be of order unity
and have high peaks at k ∼ 0.03/Mpc and 0.07/Mpc, as in the power spectrum of the relative
velocity itself21. A precision measurement at cosmic dawn of the BAO scale (and thus the an-
gular diameter distance) would be a useful cosmological tool to add to current constraints based
on similar measurements from low-redshift galaxy clustering29. If most stars form in galactic
halos below ∼ 107M⊙, then star formation should follow the same BAO pattern
21,22,23 and be
strongly anticorrelated with the baryon temperature.
The striking predicted spatial pattern (Fig. 1) should make 21-cm imaging during cosmic
dawn possible for the SKA given its expected sensitivity6. The expected probability distribution
function (PDF) of the 21-cm intensity is a transformed Maxwellian, which is highly asymmet-
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ric; imaging could directly verify this striking and previously-unexpected non-Gaussianity. The
presence of DM has historically been inferred by assuming the validity of General Relativ-
ity on galactic and cosmological scales; confirmation of the existence of DM would thus also
constitute another triumph for Einstein.
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Supplementary Information
S1. Strongest possible absorption without baryon - dark matter scattering
Ameasurement of stronger than expected absorption is a smoking gun for dark matter, since
such absorption cannot be produced without b-DM scattering. In the standard picture, the best-
case scenario for producing strong 21-cm absorption is to assume no reionization (i.e., xH I = 1
in eq. 1), saturated coupling (i.e., TS = Tgas), and no astrophysical heating. In this case, the
gas at high redshifts is colder than the CMB since its adiabatic cooling is faster. However, the
baryons are thermally coupled to the CMB via Compton heating until z ∼ 150. This well-
understood physics yields34 a strongest possible absorption signal (regardless of the uncertain
astrophysics at high redshift) of T21 = −209 mK at ν = 78MHz. We note that −209 mK is the
maximum possible absorption, i.e., it is an extreme value (in the standard case without b-DM
scattering) that would not be considered particularly likely; models with various astrophysical
parameter values30 predict T21 values at ν = 78 MHz that range from −209 mK up to positive
values, with most falling between -150 mK and -50 mK. More generally, the lowest global 21-
cm signal at each frequency that would be possible with no b-DM scattering (regardless of the
details of high-redshift astrophysics) is shown (at ν > 33 MHz) by the brown dashed curve in
Fig. 2.
We can consider various ideas for increasing the absorption without b-DM interactions.
Fluctuations in the gas density ρg affect the 21-cm signal, as the absorption strength ∝ ρg.
However, adiabatic heating with Tgas ∝ ρ
2/3
g counteracts this and leads to only a small increase
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in the absorption in overdense regions, while in the voids these factors combine to weaken the
overall absorption. Actually, linear fluctuations are symmetrical and cancel out when averaged
globally over the overdense and underdense regions. To change the observed signal, signifi-
cantly non-linear fluctuations are needed. The regime of mildly non-linear density fluctuations
is well understood, as it corresponds to the sheets and filaments of the cosmic web that suc-
cessfully explain35 the observed properties of the Lyman-α forest at z = 2 − 5. The Universe
at cosmic dawn is expected to be much more homogeneous, with the density fluctuations less
non-linear, since gravity had not had as much time to drive the growth of fluctuations. Never-
theless, even if we were to assume that somehow the density fluctuations corresponding to the
Lyman-α forest were already in place at z ∼ 20, this still would not produce a deeper absorp-
tion signal. To check this quantitatively, we assume the best case of TS = Tgas and adiabatic
heating/cooling, and average the 21-cm brightness temperature over the density distribution at
z = 2 − 6 in simulations that match Lyman-α observations36. The result we find is a weaker
average absorption than would occur in the absence of any density fluctuations. More evidence
that density fluctuations do not produce unusual absorption comes from numerical simulations
of the Universe during cosmic dawn; these have been run on a variety of volumes and reso-
lutions37,38,39, and none have predicted a stronger globally-averaged absorption signal than the
simple limit shown in Fig. 2.
While under standard cosmology the total gas fraction within virialized halos at z = 20 is
expected to be below 1%, we can consider an exotic scenario where unexpectedly large density
fluctuations on small scales would produce a much larger abundance of minihalos. This also
would not produce more absorption. The lowest Tgas at z = 20 in the standard scenario is∼ 9K
at the cosmic mean density. As the gas adiabatically heats, it reaches the CMB temperature
(57 K at z = 20) at a modest overdensity of 16. After that point it contributes extra emission,
not absorption. When the gas enters a virialized halo, it likely shock-heats. If it cools efficiently,
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primordial cooling via molecular hydrogen is only effective down to temperatures of a few
hundred K, and in any case, efficient cooling likely leads to star formation and even more
heating. We also note that the 21-cm optical depth of the coldest-possible gas (without b-DM
scattering) is τ21 ∼ 10% at the mean density at z = 20; this varies as τ21 ∝ ρg/Tgas ∝ ρ
1/3
g
assuming adiabatic evolution. This means that only very dense gas (inside virialized halos) can
be optically thick.
Another possibility is to change the residual electron fraction after recombination, which
determines the rate of Compton heating that keeps the gas close to the CMB temperature until
z ∼ 150. To produce unusually strong absorption, for instance T21 = −300mK at ν = 77MHz,
the gas would need to thermally decouple at a 1+z that is higher by a factor of 1.4, which would
happen if the residual ionized fraction were lower than expected by about a factor of 4. Before
cosmic recombination, the gas is strongly coupled to the CMB and cannot cluster, so it would
likely be unaffected even by exotic physics such as unusually strong DM clumping. After the
freeze-out at the end of cosmic recombination, the recombination time continues to go up as
1/ρg so that the residual electron fraction only changes slowly with time, and is only weakly
dependent on density (in part because the recombination coefficient declines with temperature,
and the latter rises with density). It is difficult to imagine something that could lower the mean
residual electron fraction by a large factor.
More generally, it would be difficult to substantially change the physics involved in cosmic
recombination, the basic cosmological parameters, or the cosmic expansion history. These
inputs are strongly constrained by the success of standard cosmology in fitting observations of
the CMB plus low-redshift observations. Possible ideas for exotic astrophysics or physics such
as unexpected populations of stars or black holes, or dark matter annihilation or decay, also fail
to strengthen the absorption. Such scenarios would generate extra UV, X-ray or gamma-ray
radiation, which would generate more heating as well as more ionization (which would boost
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the Compton heating of the gas and lower xH I); also, Lyman-α coupling cannot get any stronger
than the saturated coupling limit (TS = Tgas) that we have considered here.
S2. Astrophysical considerations and implications
While the detailed parameters of the astrophysical sources at high redshift are highly uncer-
tain, strong 21-cm absorption is a generic prediction. A scan through a wide range of currently
plausible astrophysical parameter values30 (without b-DM scattering) shows that all models fea-
ture an absorption dip during cosmic dawn10, produced (in the direction of increasing ν) by a
fall (i.e., increasing absorption) due to increasing Lyman-α coupling followed by a rise due to
increasing X-ray heating (or due to reionization in models with late X-ray heating); the depth
of the absorption dip can fall30 anywhere in the range −240 mK < T21,min < −25 mK, and its
position in the range 52 MHz < νmin < 120MHz (corresponding to 11 < zmin < 26.5).
Once b-DM scattering is included, the observed global 21-cm signal is determined by a
complex interplay of this scattering with astrophysics. For example, in the large allowed region
(Fig. 3) of low mX and high σ1, the initial cooling due to b-DM scattering can be extremely
effective and lead to global 21-cm absorption of −1000 mK or even stronger in the dark ages
(though only at very high redshifts above 100). In these models, the gas is so cold that Lyman-
α coupling is delayed due to low-temperature corrections (discussed just below), and X-ray
heating is also delayed as it initially must counteract the b-DM cooling. This tends to produce
a relatively deep and wide absorption dip except with particular astrophysical parameters; this
region in parameter space may thus be disfavored by the data4, but a clear conclusion requires
a full consideration of the large variety of possible astrophysical parameters, which we leave
for future work. We also note that a very high σ1 would tend to suppress the relative b-DM
velocity and with it the associated fluctuations (discussed in the main text), though in any case
the normal 21-cm fluctuations due to inhomogeneous galaxy formation would be enhanced in
proportion to the (unexpectedly large) absolute value of the mean global signal.
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The observed global 21-cm signal4 implies the first detection of some of the earliest stars.
The location of the peak absorption at z ∼ 17 is not especially surprising, but it significantly
narrows down astrophysical parameters that were previously almost unconstrained. In gen-
eral, the maximal absorption corresponds to the late stages of Lyman-α coupling and the early
stages of X-ray heating. The observed timing of these astrophysical cosmic milestones is eas-
ily within the expected range of astrophysical parameters30. Interestingly, the implied early
heating is consistent with early limits from 21-cm observations of both the global and fluctua-
tion signals40,27,41, which disfavor strong absorption at low redshifts (as would be expected in
the case of late heating). Indeed, the detected signal implies that future 21-cm observations
should focus on cosmic dawn, where the 21-cm signal (in terms of both the global signal and
the power spectrum) is likely much stronger than previously expected, and not on the later era
of cosmic reionization, where the signal strength is likely to fall within the lower part of the
previously-expected range.
An interesting physical detail is that Lyman-α coupling of the 21-cm line is known to be-
come less effective when the gas temperature is low42,43,44,45,3. In the standard case, these low-
temperature corrections amount at most to a 20% reduction in the coupling at any redshift3;
with the lower gas temperatures encountered in the case of significant b-DM scattering, the
low-temperature corrections can reduce the coupling by an order of magnitude or more, delay-
ing strong Lyman-α coupling and greatly changing the global 21-cm signal; indeed, in some
possible models the gas temperature gets so low (< 0.1 K) that these low-temperature correc-
tions may need to be re-assessed. Another important point is that the standard expression for the
21-cm signal (eq. 1) is a linearization assuming a low 21-cm optical depth (a valid assumption
if there is no b-DM scattering), but we encounter high values and thus always use the more
general expression1. We also note that even with very cold gas, direct Lyman-α heating can be
neglected since it is very weak43 compared to X-ray heating.
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We note that significant b-DM scattering would have another interesting astrophysical con-
sequence, as it would effect the formation of the first stars. The lower gas temperature would
reduce the Jeans mass, and the dissipation of the relative b-DM velocity would reduce its sup-
pression effects on star formation. Both of these effects would tend to boost star formation
relative to the case of no b-DM scattering, but the impact may be limited since these various
effects on star formation are built up over time; baryon infall into forming DM halos begins at
recombination, and for most DM parameter values it takes some time until the b-DM scattering
has a significant effect. We have neglected effects on galaxy formation in this work since they
are dwarfed by the direct effect of excess gas cooling on the 21-cm signal.
S3. The range of DM particle masses and b-DM scattering cross-sections that can affect
cosmic dawn
The DM parameters that affect 21-cm cosmology are shown in detail in Fig. 3, but it is
important to understand the physics behind the most important features. In particular, we can
easily understand why there is an upper limit on the DM particle mass that can significantly
cool the cosmic baryons by considering the maximum possible cooling. As mentioned in sec-
tion S1, the baryons thermally decoupled from the CMB at z ∼ 150. In the presence of b-DM
scattering, by that time the DM has acquired a non-zero temperature, but the best-case scenario
for maximum cooling of the baryons is that still Tχ ≪ Tgas at this time. For cooling to occur,
the two fluids must be significantly coupled after the baryons thermally decouple, so that the
baryons share some of their energy with the baryons. The most that such coupling can achieve,
if it is strong, is a thermal equilibrium at which both the baryons and the DM come to a com-
mon (time-dependent) temperature Tfin. Then at a given time, the relation between the baryon
temperature Tgas in the absence of b-DM scattering and the lowest possible temperature Tfin
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with scattering is given by conservation of energy (per unit volume) as
Tfin = Tgas
nb
nb + nχ
=
Tgas
1 + (ρχ/ρb)(µb/mχ)
∼
Tgas
1 + (6 GeV)/mχ
, (3)
where nb and nχ are the number densities of baryons and DM, respectively, ρb and ρχ the
corresponding (mean) densities, µb is the mean baryonic mass, and mχ the mass of a DM
particle. Note that we have neglected here the effect of the initial b-DM relative velocity, but
the associated kinetic energy would only produce more heating. As an example, in order to
reach T21 = −315 mK at z = 17, the simple estimate in eq. 3 yields a maximum possible mχ
of 12 GeV. In reality, the cooling never reaches the best-case scenario assumed in this simple
estimate, and we find an actual maximum mass of 3.5 GeV (see Fig 3). If the observed peak
absorption is determined to be even stronger then this limit would improve.
There is no lower limit on the DM particle mass that can affect the 21-cm signal, since the
cooling rate becomes independent of mχ when mχ ≪ µb. In that limit, the energy lost by
a baryon per collision (at a given b-DM relative velocity) is ∝ mχ, while the scattering rate
is ∝ nχσ1, so the total cooling rate is ∝ ρχσ1, where ρχ is the (known) mean density of DM.
Thus, a significant interaction requires a minimum σ1 that is independent ofmχ whenmχ ≪ µb
(Fig. 3).
The dependence of the effectiveness of the baryonic cooling on the b-DM scattering cross-
section is non-trivial. A higher cross-section means that more of the thermal energy of the
baryons can be transferred to the DM, but on the other hand it also implies that the DM warms
up more early on, before thermal decoupling of the gas from the CMB, which reduces the
ability of the DM to later cool the gas. There is even a region (e.g., σ1 = 2 × 10
−18 cm2 and
mχ = 100 GeV; see Fig. 3) where the b-DM interaction causes a small net baryonic heating
since its main effect is to transfer kinetic energy from the b-DM relative velocity to the random
gas motions.
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S4. Comparing cosmic dawn to other limits on b-DM interactions
The comparison between cosmic dawn as a dark matter detector and constraints from direct
detection, accelerators, and various astrophysical phenomena, is model dependent. We assume
here the σ(v) ∝ v−4 model, in which case the parameter spaces overlap and other searches
may be able to detect or rule out a DM particle that is relevant for 21-cm observations of
cosmic dawn. However, we note that a more complex interaction, e.g., based on a bound state
or resonance that is significant only at low velocities, could invalidate any such comparison
and make cosmic dawn a unique probe. Additional model dependence enters in some of the
comparisons which involve also assumptions about DM annihilation or the spin dependence of
the b-DM scattering.
Limits on the v−4 model have been previously derived16, with the strongest limits based
on CMB observations (plus a slight improvement from including clustering based on Lyman-
α forest data)17. The 95% confidence limit equivalent to σ1 < 2 × 10
−19(mχ/GeV) cm
2
was, however, derived only for mχ ≫ mH . This calculation must be re-done for lower-mass
mχ, along with a proper inclusion of the spatial variation of the b-DM relative velocity, which
would introduce a CMB pattern that may be partially degenerate with the standard one. We
can approximately estimate the correction for lower DM mass; in the limit of strong coupling
(so that Tχ = Tgas), including the contribution (neglected in the above limit) of the DM to the
relative thermal velocity, and assuming that the limit ∝ v−4, gives a modified limit of σ1 <
2 × 10−19(mχ/GeV)[1 + (µb/mχ)]
2 cm2. Note, though, that if the coupling is not strong, then
Tχ < Tgas and the correction factor is smaller. We conclude that CMB limits may complement
the 21-cm signal by giving significant upper limits on σ1, but these limits must be carefully
re-calculated. There is also a limit on b-DM scattering from spectral distortions of the CMB46,
but those distortions occur at rather high redshifts (and thus high velocities), so have not been
considered for a cross-section that peaks at low velocities such as the σ(v) ∝ v−4 model.
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A speculative possibility to be checked is that between matter-radiation equality and recom-
bination, a period when fluctuations normally grow in the DM but not the baryons, the b-DM
coupling might suppress the growth of fluctuations in the DM, and perhaps this effect can be
consistent with CMB observations yet still significant for the power spectrum at low redshift.
It is interesting to consider the specific DM millicharge model, which as mentioned above
naturally yields a v−4 cross-section. In this model, after recombination the cross-section effec-
tively drops in proportion to the residual proton fraction. Thus, the effect of DM scattering on
baryon cooling is suppressed relative to the effect on the CMB by a factor of ∼ 5000. In this
case, the CMB limit (with the above estimated correction) would rule out a significant effect on
the 21-cm signal at cosmic dawn unlessmχ < 60MeV.
A different limit on b-DM interactions comes from experiments that attempt to directly de-
tect DM scattering with target nuclei in the lab. Assuming typical Milky Way halo speeds of
order the rotation velocity of ∼ 200 km/s, the minimum σ1 > 10
−21 cm2 required for a cosmic
21-cm effect (Fig. 3) translates (in a v−4 model) to σ(200 km/s) > 6 × 10−31 cm2. This falls
right in the range of cross-sections that are hard to probe with underground detection experi-
ments, since at such cross-sections the DM particles are expected to lose most of their energy
in the Earth’s crust before reaching the detector47. The CRESST underground experiment is
most relevant to the 21-cm parameter region, though it constrains only relatively high masses;
atmχ = 1−5 GeV, it rules out (assuming spin-independent interactions throughout this discus-
sion) values of σ(200 km/s) between 10−37 cm2 and 2− 3× 10−31 cm2 (the upper limit varies
somewhat with mχ), though the limit might be stronger when re-calculated for a v
−4 model
(since the particles slow down as they scatter within the Earth). Experiments above the Earth’s
surface thus have an advantage. A 1987 balloon experiment rules outmχ > 2−3 GeV (the pre-
cise limit depends on uncertainties in the DM halo velocity distribution)48,47. The rocket-based
X-ray quantum calorimetry (XQC) experiment excludes49 σ(200 km/s) > 1 × 10−29 cm2 for
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mχ > 0.5 GeV. The limits from all such experiments on lower DM particle masses are quite
weak (although this could change with new techniques50,51). A much stronger limit comes from
the flip-side of the Earth interactions mentioned above. The scatter of the DM particles within
the Earth would heat it too strongly52,53 unless σ(200 km/s) < 10−32 (GeV/mχ) cm
2, valid
for mχ of a few GeV and below; this implies that a significant 21-cm effect at cosmic dawn
requires mχ < 15 MeV. However, the Earth-heating constraint relies on some assumptions re-
garding DM annihilation. Also, this and all the above direct detection limits on σ are weaker by
3–4 orders of magnitude for spin-dependent interactions53,47, while the cosmic scattering with
hydrogen would remain just as strong for such an interaction given hydrogen’s nuclear spin of
I = 1/2 (note that 4He would not contribute in that case).
In high-energy particle accelerators, since the collision energies are typically much greater
than a GeV, we assume that the relevant cross-section is σc. Accelerators may probe some of
the parameter space that is relevant for 21-cm cosmology, but comparing the limits depends
strongly on the precise interaction type and nature of the DM particle51,54. The proposed SHiP
experiment at CERN has been motivated by the many possible physical mechanisms for pro-
ducing very weakly interacting DM particles in the MeV-GeV mass range54; cosmology may
now provide additional impetus.
Astrophysical constraints on b-DM interactions are generally weaker than those we have
considered52. The most significant limit, from cosmic rays, is often quoted as σ(200 km/s) <
8× 10−27(mχ/GeV) cm
2, but this is only valid for largemχ (greater than∼ 100 GeV), and the
limits on DM particle masses in our range of interest are far weaker55.
We again emphasize that we have assumed throughout this section a v−4 dependence of
the b-DM scattering cross-section, but any modification of this would have a major effect on
the above comparisons of the cosmological signal with the various limits on b-DM interac-
tions (as would other extensions of the parameter space such as allowing only a fraction of the
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DM to scatter with baryons); also, previous constraints have often been derived for a velocity-
independent cross-section and must be carefully re-assessed for the case of a strong velocity
dependence. We also note that the constraints on the DM particle from it having the required
relic cosmic density are model-dependent, as they depend on the annihilation cross-section (for
thermal production) or the detailed production mechanism (for non-thermal production). As
a simple example, if we assume thermal production, an annihilation cross-section as expected
for the weak interaction, and a similar b-DM cross-section at relativistic velocities (so that
σc ∼ 10
−36 cm−2), then the 21-cm signal suggests something closer to a v−3 dependence rather
than v−4.
Finally we note that after this Letter was submitted, limits on b-DM scattering were de-
rived56 from low redshift observations of the temperature of the intergalactic medium, based
on the Lyman-α forest at z ∼ 5. These limits are effectively at relative velocities of ∼
10 km/s, which is similar to the CMB limits discussed above. The derived upper limit of
σc < 3 × 10
−38 cm2 for a v−4 model (for mχ << 1 GeV) is about five orders of magni-
tude above the minimum cross-section that can be probed at cosmic dawn, and is stronger than
the above CMB limit only for mχ below ∼ 1 MeV (although, as we noted, the CMB limit
must be carefully revised). Moreover, the validity of this precise low-redshift limit is unclear
since it depends on the history of photoheating of the intergalactic medium; the latter depends
on the spatial and temporal distribution of the spectrum of ionizing sources, the distribution of
Lyman-limit absorbers, and the after-affects of inhomogeneous reionization, all of which are
incompletely known. In the low-redshift probe, astrophysical heating is partly degenerate with
b-DM interactions, and there is no unambiguous sign of DM similar to the excess absorption
signal during cosmic dawn.
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